The aim was to evaluate the turbidity and thickness of the post-lens tear layer and its effect on visual quality in patients with keratoconus after the beginning of lens wear and before lens removal at the end of eight hours. Methods: Twenty-six patients with keratoconus (aged 36.95 AE 8.95 years) participated voluntarily in the study. The sample was divided into two groups: patients with intrastromal corneal ring (ICRS group) and patients without ICRS (KC group). Distance visual acuity (VA), contrast sensitivity, pachymetry, post-lens tear layer height and post-lens tear layer turbidity (percentage area occupied and number of particles per mm 2 ) were evaluated with optical coherence tomography before and after wearing a scleral lens. Results: A significant increase of turbidity was found in all groups assessed (p < 0.05). The number of particles per square millimetre was eight times higher after scleral lens wear than at the beginning of wearing the lens for all groups. VA decreases in all groups after scleral lens wear (p < 0.001). All patients showed a statistical diminishing of contrast sensitivity after scleral lens wear (p < 0.05). A significant correlation was found for both turbidity parameters with distance VA but no correlation between turbidity and post-lens tear layer thickness at the beginning was found (p > 0.05). A strong correlation in all groups between the post-lens tear layer at the beginning and differences of tear layer thickness between two measures was also found (p < 0.05). Conclusion: The VA decrease during the scleral lens wearing, filled with preserved saline solution, was due to the increasing post-lens tear layer turbidity.
Scleral contact lenses are large-diameter gas-permeable devices specially designed to rest on the sclera and vault over the entire corneal surface. 1 The first scleral lenses were made of glass and then of polymethyl methacrylate, both of which are impermeable to oxygen, causing corneal hypoxia. The development of materials with high gas permeability, together with various technological innovations in the manufacture and design of scleral lenses, has opened the possibility of using them as a treatment option for ocular surface disease. 2 For that purpose, scleral contact lenses have lately become an important tool in the visual rehabilitation of patients with severe irregular astigmatism or severe ocular surface disorders, such as keratoconus. 3, 4 Scleral lenses offer great advantages because they are supported by the sclera without ever touching the cornea, thus remaining stable in a centred position and providing nonsurgical options for visual correction in irregular corneas. Also, scleral lenses can be used as a therapeutic treatment of severe dry eyes. [5] [6] [7] A great improvement in visual quality has been noted during scleral contact lens wearing in patients with keratoconus; 8, 9 however, many wearers complain about the loss of visual quality during the day, provoking the removal of the lens for cleaning and reinserting. 4 Tear stagnation between the contact lens and the ocular surface and the high thickness of the post-lens tear layer may be implicated. The tear film is the most anterior refractive surface of the eye. Its stability and transparency play important roles in the condition of vision from an optical viewpoint. 10 Much research has been conducted into the higher-order aberrational changes during the dynamics of the tear film and it was found that changes in optical aberrations due to tear film instability contribute to the reduction in retinal image quality, correlated with a reduction in visual function.
11,12
The transparency of the tear film during scleral lens wear might be evaluated in terms of its turbidity. Turbidity is defined as the cloudiness or haziness of a fluid induced by large numbers of individual particles. In the situation of a scleral lens, we propose that this could be assessed by the use of digital images taken of the lens over the ocular surface, with optical coherence tomography (OCT). 13, 14 Appropriate image-editing software could then measure the density of particles suspended in the tears and the area occupied by the particles.
To the best of our knowledge, there is no study that evaluates the influence of turbidity of tears during short-term scleral lens wear and visual quality in patients suffering from keratoconus. The purpose of this study was to evaluate the turbidity of the post-lens tear layer and its effect on visual quality at five minutes and after eight hours of wearing a scleral lens in patients with keratoconus. Tear layer thickness and pachymetry has also been assessed.
METHODS

Subjects
An experimental and short-term study was conducted. Twenty-six patients with keratoconus participated voluntarily in the study. They were enrolled in the study in the Optometry Clinic of the Faculty of Optics and Optometry in the University Complutense of Madrid. The ages of the participants ranged from 25 to 51 years with an average age of 36.95 AE 8.95 years. Patients with ocular disease, lid disease or a history of allergy were excluded from the study based on the case history. The sample was divided into two groups: patients with an intrastromal corneal ring (ICRS), the ICRS group, and patients without an intrastromal corneal ring, the keratoconus group (KC group). More demographic details are shown in Table 1 .
The study was conducted in compliance with good clinical practice guidelines, institutional review board regulations and the tenets of the Declaration of Helsinki. 15 The subjects signed an informed consent and they were free to interrupt the session at any time. Moreover, the study was approved by the Ethics Committee (CEIC) of the Hospital Clínico San Carlos of Madrid. For statistical analysis only one eye per patient was randomly selected for the study.
The lenses fitted were ICD 16.5 design scleral lenses with an overall diameter of 16.5 mm (Paragon Vision Sciences, Mesa, Arizona, USA). More parametric details are described in Table 2 . All lenses were fitted by the same examiner. The scleral lens was selected to provide a clearance thickness between 300 μm to 400 μm, following the manufacturer's instructions. Corneal clearance was assessed by slitlamp examination using an optic section to estimate the sagittal height. Preserved saline was used to fill the lens. The patients were instructed to wear the lens for eight hours. Patients who wore scleral lenses at the time of starting the study had to stop wearing the lenses at least one week before the evaluation day. Distance visual acuity, contrast sensitivity, pachymetry, post-lens tear layer height and post-lens tear layer turbidity were evaluated after the beginning of lens wear and before lens removal at the end of eight hours, with the lens in place.
Procedures
To evaluate visual acuity, Bailey-Lovie log-MAR letter charts with high contrast (96 per cent) were used. Contrast sensitivity was determined at one metre using the Pelli-Robson letter chart (Clement Clarke International, Harlow, UK) with spectacle correction. This test has been shown to be repeatable. 16, 17 Visual acuity and contrast sensitivity function were measured monocularly with contact lens correction and over-refraction, when it was necessary. After eight hours of wearing, the same over-refraction was used. Both charts were externally illuminated with a halogen lamp behind a screen and connected to a potentiometer to adjust the exact voltage needed to reach an adequate photopic luminance level (85 cd/m 2 ). This setup provided uniform luminance over the entire chart. The normal room lighting was left on. Luminance measurements for the tests were obtained using a Mavo-Spot 2 USB luminance meter (Gossen Lighting Control, Nürnberg, Germany). To minimise learning effects, the patients were instructed to read the letters from right to left at the second testing session after eight hours of scleral lens wear.
All eyes were scanned with the anterior segment five lines raster acquisition protocol of the Cirrus high definition (HD)-OCT platform (Zeiss, Oberkochen, Germany). The measure was performed three times in the horizontal axis and in the centre of the pupil, five minutes after the contact lens fitting and also after at least six hours of wearing in scotopic conditions for a better quality image and to standardise the pictures, using the same screen resolution and magnification allowed by the Cirrus HD-OCT software. Post-lens tear layer and corneal pachymetry were measured by a single operator (GC) from the anterior 
Post-lens tear layer turbidity analysis
For post-lens tear layer turbidity analysis, the ImageJ 1.48v software (National Institutes of Health, Bethesda, Maryland, USA) was used. The images taken with the Cirrus HD-OCT were edited to convert to binary, black and white images. Following that, a threshold was set to separate the particles from the background. The post-lens tear layer segment in the images was selected and the 'analyze particles' command of the software was used to get the particles amount and percentage of area occupied by these particles. To evaluate the turbidity, two parameters were considered: the percentage area occupied by the particles and the relationship between number of particles and total area of the post-lens tear layer (number of particles per square millimetre).
Statistical analysis
The presented data were analysed using the statistical software SPSS 22.0 (SPSS, Inc, Chicago, Illinois, USA). Sample size calculations were performed with statistical software (Granmo 6.0; Institut Municipal d'Investigacion Medica, Barcelona, Spain). Considering the number of particles per square millimetre as the main variable, with an accepted two-sided statistical significant threshold of 0.05 and a risk of 0.20, for a standard deviation of 0.6 units to the mean and to detect a difference of 0.7 units, at least 12 subjects were needed to find statistically significant differences. The values presented are the means and standard deviation for the experiments performed. Normal distribution of variables was assessed by the Shapiro-Wilk normality test. Differences between after the beginning of lens wear and before lens removal at the end of eight hours were estimated by parametric Student's ttest for paired samples. Differences between the ICRS group and KC group were evaluated by parametric test of Student's t-test for independent samples. Finally, to correlate visual acuity with the post-lens tear layer height and turbidity, Pearson bivariate regression was used. A p-value greater than 0.05 was considered statistically significant.
RESULTS
The patients
All data about parameters evaluated are summarised in Table 3 . Visual acuity decreased after eight hours of scleral lens wear from 0.10 AE 0.11 logMAR to 0.17 AE 0.13 logMAR (about three letters of change) in the total group, being statistically significant (p < 0.001). The KC group showed a higher decrease in visual acuity than the ICRS group, being 0.13 AE 0.12 logMAR and 0.04 AE 0.03 logMAR (about six and two letters of change, respectively) less than after the beginning of lens wear, respectively.
Regarding contrast sensitivity, all patients showed a statistical diminishing of contrast sensitivity after scleral lens wear. The pvalue was 0.004 for the total group, 0.016 for the KC group and 0.004 for the ICRS group. The KC group patients showed a significant corneal thickness increment after scleral lens wear (p < 0.049); however, the corneal thickness remained stable in the patients included in the ICRS group (p = 0.330).
The post-lens tear layer decreased by an average of 70 microns for all groups studied after scleral lens wear, being statistically significant when compared with pre-scleral lens wear. The post-lens tear layer at the beginning and differences of tear layer thickness between two measurements showed a strong correlation in all groups, being the Pearson's correlation coefficient for total group of 0.770 (p < 0.001), Figure 1 , for the ICRS group of 0.818 (p = 0.002) and for the KC group of 0.858 (p = 0.001).
The turbid tear layer area and number of particles per area were measured to evaluate the turbidity of the post-lens Scleral lenses and tear turbidity Carracedo, Serramito-Blanco, Martin-Gil, Wang, Rodriguez-Pomar, Pintor layer after scleral lens wear (Figure 2 ). An increment of turbidity was found in all groups assessed, being statistically significant for both parameters evaluated (p < 0.05). The number of particles per area was eight times higher after scleral lens wear than at the beginning of insertion the lens for all groups (Table 3) . No correlation between tear turbidity and visual acuity or contrast sensitivity after the beginning of lens wear was found but, when turbidity and visual acuity was compared before lens removal at the end of eight hours, a significant correlation was found for both turbidity parameters, being r = 0.567 (p = 0.002) for turbid tear layer area and r = 0.469 (p = 0.049) for the number of particles per unit area. Moreover, no correlation was found between turbidity and post-lens tear layer thickness at the beginning (r = 0.218; p < 0.05).
DISCUSSION
In recent years, the use of scleral contact lenses has been selected by many fitters for visual acuity rehabilitation in severely irregular corneas, where other contact lens modalities, such as a corneal gas-permeable lenses, have been unsuccessful. 1, 18 These patients showed better visual acuity and more comfort with the scleral lenses than with the other approaches. 9, 19 The present study evaluated how the visual quality is affected during scleral lens wear. The patients with keratoconus and those with an intrastromal corneal ring showed worse visual acuity after eight hours of scleral contact lens wear. The lower visual acuity could be due to other factors such as corneal topographic changes or corneal oedema but the significant correlation between visual acuity and turbidity indicates that the increasing turbidity is an important contributing factor responsible for this loss of visual quality. This is the first study which evaluates tear film turbidity in scleral lens wearers and also the first to use OCT and imaging processing to measure turbidity. This combination has been very useful in measuring the tear film transparency. This new system to measure turbidity could be applied for clinical use during the scleral fitting process but it would also be a powerful tool to measure tear layer quality in dry eye patients and/or contact lens wearers.
The post-lens tear layer turbidity could be due to the tear stagnation and the mucin, other proteins, pro-inflammatory molecules and accumulation of deposits of lipid. [20] [21] [22] Walker, Caroline and Kojima 23 presented an analytic study about the tear film composition after scleral lens wear. They mainly found proteins and lipids. In another study, it was found that matrix metalloprotease 9 concentrations were higher in these patients after scleral lens wear, being approximately eight times more after lens wear than at the start. 24 Another point to take into account related to turbidity is the use of preserved saline solution to fill the lenses, which is probably a limitation of the study. It is known that preservatives lead to corneal irritation and injury, provoking the secretion of proinflammatory molecules from the ocular surface epithelial cells and debris formation and therefore, increasing the tear film turbidity. 25 Corneal staining after wearing scleral lenses was only observed as increased in ICRS patients in the epithelial zone just over the intrastromal corneal ring tunnel, but corneal staining was not graded as a variable in the study. In future studies, corneal staining should be evaluated. In this sense, it would be very important to evaluate the influence of different solutions for filling the lens before inserting them onto the eye, also using mainly unpreserved solutions and to assess the effect on turbidity and visual quality. The post-lens tear layer thickness when the lens is inserted is another important factor during the scleral lens fitting process. 5, 26 Depending on the scleral lens design, the manufacturers suggest different post-lens tear layer thicknesses, varying from 200 to 400 microns. Moreover, it has been described that this kind of contact lens, which completely vaults over the cornea and rests on the conjunctiva, provokes some compression and therefore, a reduced post-lens tear layer after hours of wearing. 27 Our results showed a decrease of post-lens tear layer thickness after approximately eight hours of scleral lens wear. The mean thickness reduction was 70 microns but a strong correlation between post-lens tear thickness at the beginning and thickness reduction was found. This means that the higher initial layer showed more compression, up 120 microns, and the lower initial layer presented less compression, close to 50 microns. These results suggest that initial post-lens tear layer thickness should be close to 200 microns because the thickness reduction by conjunctival compression keeps the lens over 100 microns of thickness, as suggested by some authors, to maintain the corneal physiology and an adequate oxygen transmissibility. 28 Also, these results were obtained by filling the lens with saline solution, which has a low viscosity. It is not clear if the use of more viscous solutions with hyaluronic acid or carmellose could have an effect on the conjunctival compression, cushioning the lens and causing less compression. More studies should be performed to assess the effect of the viscosity of the filling solution.
The post-lens tear layer thickness is critical to obtain correct oxygen transmissibility. The system formed by lens thickness and post-lens tear layer must have the least possible thickness to avoid hypoxia, oedema and severe corneal complications in subjects who have compromised corneas, such as patients with keratoconus. 28, 29 With the objective of evaluating the oedematous effect of this scleral contact lens, the corneal thickness was studied before and after scleral lens wearing. The corneal thickness only increases 2.81 per cent for KC patients and 0.65 per cent for ICRS patients; below this, it is similar to physiological oedema. 30 Changes in visual acuity and contrast sensitivity have been noted with more than six to 10 per cent increase in corneal thickness due to oedema. 31, 32 Our results, in both groups are sub-threshold and the changes in the parameters of visual function are not related to corneal swelling. Therefore, shortterm scleral contact lens wearing seems to be safe in terms of corneal oedema.
The main limitation of this study is that it is short-term. It is clear that more longterm studies should be performed to evaluate the possible summation effect of compression and corneal thickness changes due to the wearing of scleral lenses every day. Moreover, to evaluate the influence of the post-lens tear turbidity on visual acuity, the lens should be removed, reinserted with a clear solution and the visual functions reassessed.
Nevertheless, the results of this study are a first estimation of the effects of a scleral contact lens on visual quality and post-lens tear layer characteristics.
In conclusion, the decrease in visual acuity during the scleral lens wear filled with preserved saline solution is due to the increase in post-lens tear layer turbidity. On the other hand, the turbidity is not due to post-lens tear layer thickness at the beginning of scleral lens wearing. More long-term studies should be performed to confirm these results.
